Certain aspects of cytoplasmic protein synthesis have been studied during the early stages (0 to 5 days) of left ventricular hypertrophy produced by supravalvular constriction of the ascending aorta in adult rabbits. At 5 days after constriction, cell-free protein synthesis by microsomal preparations from hypertrophied heart muscle was increased, both from free phenylalanine or leucine (50 to 130*), and from phenylalanyl-soluble RNA, both with (70 to 250%) or without (70 to 150SS) polyuridylic acid as artificial messenger. Such increased activity was observed as early as 24 hr, and persisted to 5 days (the limit of the study). Sham preparations also displayed increased activity at 24 hr, which subsided by 5 days. The increased activity could be localized to the microsomal fraction: no differences were found when soluble fractions from normal, sham, and hypertrophied hearts, or from liver, were interchanged. Ribosomes from hypertrophied hearts were no more active than normal ribosomes. Increased yields of microsomal, ribosomal, and soluble RNA were found. It is suggested that the increased protein synthesis occurring in hypertrophy is localized in the microsomes, that soluble factors are not of major significance, and that an increased number of ribosomes (and microsomes) play a major role.
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• Hypertrophy is an increase in the mass of a tissue or organ without an increase in the number of cells in that organ. The demand for increased functional tissue is met by an increase in size and organelle content of preexisting cells, without parallel increases in cell number (1) (2) (3) . This process, characterized by marked increases in tissue ribonucleic acid (RNA) and protein content in the face of minimal or no change in deoxyribonucleic acid (DNA) content, is of particular interest because it provides an opportunity From the Rockefeller University, New York, New York 10021.
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Accepted for publication August 21, 1967. to study accelerated protein synthesis uncomplicated by significant cellular proliferation. Typically, hypertrophy occurs in muscle, both skeletal and cardiac, and one of the most clear-cut experimental models is provided by the hypertrophy of the left ventricle of the heart subsequent to supravalvular constriction of the ascending aorta in mature animals. Such a preparation has been used to examine changes in the protein synthesizing apparatus of heart muscle during the early stages (0 to 5 days) of the hypertrophic process. A preliminary report of this work has appeared (4) .
Methods

Materials
Materials were obtained from the following sources: uniformly labeled 14 C-L-phenylalanine, 360 mc/mmole, and 14 C-L-leucine, 240 mc/mmole (Schwarz BioResearch, Inc.); E, coli soluble 450 MOROZ RNA (sRNA), stripped (General Biochemicals); polyuridylic acid (poly U), (Miles Laboratories, Inc.); sodium desoxycholate (Fisher Scientific); reduced glutathione (GSH), (Nutritional Biochemicals Corp.); pyruvate kinase (PK), (Boehringer Mannheim, Corp.); phosphoenolpyruvate, trisodium salt (PEP), (Calbiochem); methohexital (Brevital sodium, Eli Lilly Company); Sephadex G-25 (Pharmacia); and DEAE-cellulose (Whatman).
Production of Hypertrophy
Constriction of the ascending aorta was produced in adult male New Zealand white rabbits, weighing 2200 to 3000 g, by a modification of the techniques of Schwartz and Lee (5) and Spann et al. (6) . Anesthesia was induced with an intraperitoneal injection (70 to 80 mg) of methohexital and maintained by intermittent intravenous injections of methohexital solution (10 mg/ml). Respiration was maintained by oropharyngeal insufflation of air, using a large animal respirator (Harvard Apparatus Company, Inc., model no. 607), with a rate of 22 strokes/min and a tidal volume of 75 ml. Under surgical asepsis, a right-sided thoracotomy was performed, with approach through the third or fourth intercostal space anterolaterally. Retraction of the periaortic fat pad and incision of the pericardium revealed the aorta. A uniform aortic constriction was produced by a polyethylene-covered wire clamp (5) , with an inside diameter of 3.2 mm when tightened. Postoperatively, animals were placed in 100% oxygen until awake and were maintained on water and a standard laboratory chow until 18 hr before death, when food was withheld.
In an attempt to examine the role of thyroxine on the hypertrophic process, aortic constriction was produced in rabbits rendered hypothyroid by 131 I treatment. Such animals received daily subcutaneous injections of triiodothyronine (20 yug/kg) or control injections of 0.01 N NaOH, the vehicle used.
Preparation of Mkroiomai
To obtain sufficient tissue, groups of 3 normal, 3 hypertrophied, and 3 sham-operated hearts (hereafter referred to as sham) were used in each experiment; the tissue from the animals in each group was pooled. Rabbits were starved overnight, and killed by an intravenous injection of 5 ml 1 M KC1; killing by mechanical methods did not alter results. The hearts were rapidly excised, blotted free of blood, and transferred to an ice-cold homogenizing medium (medium A = 50 mM Tris-HCl, pH 7.6, 100 mM KC1, 10 mM MgCl 2 , 5 HIM GSH, and 250 mM sucrose). All subsequent procedures were carried out at 0 to 4°C. The atria, great vessels and valves were trimmed away, and the free wall of the right ventricle was removed, leaving the left ventricular wall and interventricular septum-the tissue unit examined in this study. The pooled left ventricular tissue was finely minced with scissors and homogenized in approximately 4 volumes of medium A (Sorvall Omni-mixer, 75-ml stainless steel chamber, 30 to 45 sec). The resulting homogenate was centrifuged at 20,000 X g for 20 min, the supernatant decanted and recentrifuged at 20,000 X g for 10 min. The supernatant was then carefully aspirated and centrifuged 1.5 hr at 150,000 X g. The resulting microsomal pellet, after careful aspiration of the supernatant, was gently rinsed with medium A, drained by inversion, then transferred by a spatula to a small Teflon-glass Potter-Elvejhem homogenizer (Kontes Glass, type AA) and suspended in 5 ml of medium A by gentle hand-homogenization. This suspension was centrifuged for 10 min at 10,000 X g, the pellet was discarded, and the supernatant containing the microsomes was layered over 5 ml of medium A containing 500 mM sucrose and centrifuged for 1.5 hr at 150,000 Xg.
After careful aspiration of the supernatant, the pellet was gently rinsed with medium A, and the microsomes were transferred to and hand-homogenized in 0.5 to 1.5 ml of medium A in a small Teflon-glass homogenizer (Kontes type AAA). The activity of these microsomal preparations was assayed the same day, and careful attention was directed at all stages to standardization of the treatment of tissues from the three categories of heart studied.
In some experiments, the 20,000 X g supernatant was first freed of amino acids by passage through a Sephadex G-25 column, and microsomes were subsequently prepared as described. Preparations of this type showed the same activity as microsomes prepared in the standard manner.
PrcporaHon of Heart Rlboiomei
After homogenization of tissue in 4 to 5 volumes of medium A, microsomes were prepared as described, suspended in medium A containing 0.1 M KC1 and 0.5* sodium desoxycholate, and the transparent, slightly yellow ribosomal pellet was collected by centrifugation at 150,000 X g for 2 hr. The resulting supernatant was combined with the microsomal supernatant for determination of sRNA. The ribosomal pellets were either frozen for subsequent RNA determination or suspended in a small volume of medium A for assay of activity. In some experiments, the ribosomal pellet was resuspended in modified medium A containing 0.6 M KC1 and was washed by layering over modified medium A (0.6 M KC1, Ctrcmisuon Rtiircb, Vol. XXI, Octobtr 1967 PROTEIN SYNTHESIS DURING CARDIAC HYPERTROPHY 451 500 HIM sucrose) and recentrifugation at 150,000 X g for 2 or 3 hr. This further washing procedure did not alter the relative yields of ribosomal RNA.
Preparation of i*C-aminoacyl-sRNA
Stripped E. coli (strain B) sRNA was charged with 14 C-phenylalanine or 14 C-leucine and 19 12 C-amino acids by the method of von Ehrenstein and Lipmann (7) as modified by Con way (8) .
Preparation of Soluble Fraction!
For experiments requiring heart-soluble fractions, tissue was homogenized in 2.5 to 3.0 volumes of medium A as described for microsomes, and the particulate fraction was removed by centrifugation at 150,000 X g for 3 hr. For amino acid incorporation experiments, the soluble fractions were passed through a Sephadex G-25 column to remove free amino acids. For assay of transfer enzyme activity, the G-25 eluate was adsorbed onto a 2 X 1-cm DEAE-cellulose column previously equilibrated with 50 mM Tris-HC1, pH 7.6, 100 mM KC1, 10 mM MgCU, and 5 mM GSH, and the enzyme fraction was eluted with the same medium containing 200 mM KC1.
Preparation of Liver Rlbosomei
Normal liver microsomes, prepared in the same manner as heart microsomes, were resuspended in medium containing 0.5% sodium desoxycholate, the suspension was clarified by centrifugation at 20,000 X g for 30 min, and the ribosomes were sedimented at 105,000 X g for 2 hr. The ribosomes were resuspended in a small volume of medium A, and then washed by layering over medium A modified to contain 500 mM sucrose and resedimentation at 105,000 x g for 2 hr.
Preparation of Rabbit Liver Stripped iRNA
sRNA was prepared from a 20% (w/v) homogenate of normal rabbit liver in medium A by phenol extraction (30 min, 2°C), salt and ethanol precipitation from the aqueous phase (0.1 volume of 20% potassium acetate, pH 6.5, 2 volumes absolute ethanol at -15°C), and extraction of the ethanol precipitate with 1 M NaCl. Phenol extraction and ethanol precipitation were repeated twice. Stripping was carried out by dissolving the RNA in a small volume of 0.2 M Tris-HCl, pH 8.8, incubating at 37°C for 45 min, with subsequent reprecipitation by ethanol. The final precipitate was dissolved in a small volume of water, dialyzed overnight against water (at 2°C), and lyophilized.
Biochemical Assay Procedures
The conditions for assay of microsomal and ribosomal protein synthesis and of activating CircuUiion Kjsurcb, Vol. XXJ, Octetf 1967 enzymes and polymerization factors are given in the texts to the appropriate figures and tables. As used here, "polymerization factors" (transfer factors, transfer enzymes) refers collectively to the soluble enzymatic factors required for polymerization of amino acids in ribosomal polypeptide synthesis.
Assay of Radioactivity
All reactions were terminated by addition of 5% trichloracetic acid (TCA). For assay of incorporation into protein, samples were heated at 90°C for 15 min, and the precipitates were collected on MiLUpore filters (pore size, 0.45 fx) which were fastened to planchets and were counted in a Nuclear-Chicago end-window gasflow counter with an efficiency of 22%. An alternate method which gave identical results involved the use of a lipid-resistant polyethylene filter (Millipore type OHWP), on which the hot TCAinsoluble precipitates were subsequently washed with chloroform: medianol (2:1) air-dried, and fastened to planchets with pressure-sensitive cellulose tape (Minnesota Mining and Manufacturing).
For assay of incorporation into aminoacyl-sRNA, cold TCA precipitates were collected on Millipore filters and counted. Appropriate corrections were made for background and zero time controls, which were consistently less than 30 count/min.
Sucrose Density Gradient Analysis
Sucrose density gradient analysis was carried out by a modification of the method of Britten and Roberts (9) for heart muscle ribosomes, and by the method of Henshaw et al. (10) for determining the relative amounts of free and bound ribosomes. Details of the procedures are given in the texts of the figures.
Chemkol Analyses
Microsomal protein was determined by a modification (11) of the biuret procedure, and RNA by the orcinol method (12) . Supernatant protein was estimated spectrophotometrically according to Warburg and Christian (13) , and DNA was determined by the method of Burton (14) .
Wet and dry weight, and tissue DNA, RNA and protein, were determined on samples of right and left ventricular muscle dissected in the manner already described (Preparation of Microsomes).
Results
Validation of the Experimental Model
To confirm that the experimental model was in fact producing hypertrophy, the composition of left ventricular muscle was ex- if amined at 5 days after aortic constriction (Table 1 ). There were marked increases in wet weight, dry weight, protein, and RNA in the animals with a constricted aorta, while the sham group did not differ significantly from normal. The most striking increases were in left ventricular protein (66% over normal, 4735 over sham values) and RNA (101* over normal, 128% over sham values). Although there was a mean increase in DNA, this was not statistically significant. Values for right ventricular dry weight and protein were not affected by the procedure.
Aortic constriction was clinically well tolerated in the six hypothyroid rabbits receiving control injections; no increases in left ventricular RNA or protein were observed at 5 days, indicating a failure to respond to constriction with hypertrophy. The rabbits receiving replacement triiodothyronine, however, did not tolerate constriction, and the Incorporation of ">C-leudne into protein by rabbit heart microsomes at 5 days after aortic constriction. 453 6 rabbits in this group died from 1 to 4 days after operation. Consequently, this aspect of the problem was not pursued further.
Incorporation of Fre« Amlno Acid Into Protein by Microtomes
The rate and extent of incorporation of "C-leucine into protein by microsomes from hypertrophied heart muscle were increased compared to normal or sham preparations ( Fig. 1) . Such increases were observed both with 14 C-leucine and 14 C-phenylalanine and ranged from 50 to 130!? in all experiments of this type. This relationship was not affected by soluble factors (Table 2) , since the same relative activity prevailed regardless of the source of the cell sap or soluble fraction (normal, sham, or hypertrophied heart, or normal liver). Of particular interest is the lack of effect of the soluble fraction from normal heart on the activity of microsomes from hypertrophied heart.
Incorporation of I4 C-amfno Acid from 14 
C-o.minoacyl-sRNA by Microsomes
A similarly increased activity of microsomes from hypertrophied hearts was also found when incorporation of 14 C-phenylalanine from 14 C-phenylalanyl-sRNA was examined (Fig. 2) . In these experiments, incorporation was increased both in the presence (70 to 250%) or absence (70 to 150%) of poly U and this increased activity was again independent of the source of soluble factors ( Table 3 ). The relative activities of the three groups of microsomes were similar when in-corporation from 14 C-leucyl-sRNA was examined to provide an example of another amino acid.
When results for such incorporation experiments were expressed in terms of specific Microsomes from the three categories of heart muscle studied were incubated with soluble fractions from different sources as indicated. Microsomes from the three categories of heart muscle were incubated with soluble fractions from different sources, with or without the addition of poly U. activity of RNA rather than specific activity of protein (an accepted method of stating microsomal activity), the increased activity of microsomes from hypertrophied hearts was either less apparent or disappeared completely.
Similar experiments performed at 24, 48, and 72 hr after aortic constriction also showed increased microsomal activity in hypertrophied heart preparations, of the same magnitude as the 5-day data presented here, but microsomes from sham hearts were often as active or more active than those from the hypertrophied hearts at these earlier times.
In experiments in which microsomes from the three categories of heart muscle were intermixed, the observed activities were additive and no inhibitory or stimulatory effects were observed. This was true whether the soluble factors were from normal, sham, or hypertrophied hearts, or from liver.
Activity of Rlbowmw
The similarities in activity of the three groups of heart microsomes, when expressed in terms of RNA, prompted a comparison of the protein synthetic activities of ribosomes prepared from normal, sham, and hypertrophied hearts. When ribosomes were prepared from microsomes, there were no differences in their abilities to transfer amino acid from aminoacyl-sRNA to protein or polyphenylalanine ( Fig. 3) , nor were there differences in incorporation of 14 C-leucine.
Role ef Soluble Facton
To determine more specifically the influence of soluble factors in the hypertrophic process, the activating enzymes and polymerization factors of heart muscle were assayed. At 5 days after aortic constriction, cell sap from hypertrophied heart was slightly more active in the formation of 14 C-leucyl-sRNA than that from normal or sham preparations (Fig.  4) . The same was true at 2 days after operation.
Using the transfer of amino acid from 14 C-phenylalanyl-sRNA into protein or polyphenylalanine as an index of transfer enzyme activity ( Fig. 5) , no difference was evident in the three groups of heart tissue 5 days after operation, although there was slightly increased activity in hypertrophied heart preparations at 2 days. In these experiments, liver was used as a neutral source of ribosomes. 
Yields of Mlcroiomal, Rlbosomol, and Soluble RNA
The marked increase in total RNA, together with the increased activity of microsomes from hypertrophied heart, and the observation that these microsomal preparations had increased RNA-protein ratios compared to those from sham or normal hearts, prompted an examination of RNA yields in the microsomal, ribosomal, and soluble fractions of heart muscle (Table 4 ). Expressing RNA yields in terms of DNA (as an index of cell number), the microsomes from hypertrophied hearts contained 61$ more RNA than those from normal or sham hearts in the representative experiment depicted in the table. When ribosomes were prepared from microsomes by desoxycholate and 0.1 M KCl treatment, an increased RNA yield was still found MOROZ (38% in the experiment cited). There was also a consistent increase in soluble RNA (30 to 40%) in hypertrophied heart muscle. These relative values were unaffected by variations in the volume of homogenizing medium used (2 to 6 volumes) or the duration of homogenization (30 sec to 3 min).
S«dlm*ntotlon Analysts of Microsomes and Rlbosomes
There were no consistent differences in the polysomal patterns of ribosomes prepared from normal, sham, and hypertrophied hearts (Fig. 6) . In experiments designed to determine the relative proportions of free and bound ribosomes at 2 days after operation ( Fig. 7) , more of the ribosomes from hypertrophied hearts were in the bound form, as indicated by the relative decrease in size of the free ribosomal peak.
Discussion
From the works of others (16, 17) , and the data presented here (Table 1) , it is evident that marked net increases in cellular RNA and protein occur during hypertrophy of heart muscle. The results are consonant with the view of muscular hypertrophy as an increase in tissue mass due predominantly to an increased size of preexisting cells (1) . The striking increase in RNA suggests that it is perhaps the best index of the value of these methods for the production of left ventricular hypertrophy.
It has recently become apparent that mitochondrial DNA is distinct from nuclear DNA (18) . It is possible that the increase in DNA (Table 1) , although not statistically significant, may in part be of mitochondrial origin. Such an increase in total DNA has been observed by others (1) . However, no experiments were performed in this study to fractionate mitochondrial and nuclear DNA. Such an increase, if genuine, could also represent proliferation of nonmuscular elements (e.g. increased vascular or connective tissue) during hypertrophy. Sucrose density gradient analysis of heart muscle ribosomes at 5 days after aortic constriction. Ribosomes, suspended in a small volume of medium A, were layered over a 15 to 30% sucrose gradient (containing 50 mM Tris-HCl, pH 7.6, 50 m» KCl, and 10 mM MgCl,) with a 2 M sucrose step at the bottom of the tube, and centrifuged at 25,000 rpm for 2 hr in a Spinco SW 39 rotor. Fractions were collected from the bottom of the tube, diluted with water, and the absorbancy read at 260 nm. o = normal; • = hypertrophy. The arrow designates the position assumed in such a gradient by ribosomal monomers (78S rabbit lioer ribosomes). Theoretically, observed increases in RNA and protein content could result from increased synthesis, decreased degradation, or a combination of these processes. With respect to protein, studies of protein turnover have shown that there is no significant change in protein half-life during left ventricular hypertrophy (19) . It is also unlikely, with the relatively slow rate of protein synthesis normally found in muscle (20) , that even complete suppression of a hypothetical degradative process could account for net increases of this magnitude.
Increased protein synthesis in the intact
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animal is reflected by the finding of increased protein synthetic activity of microsomes from hypertrophied hearts, both in incorporation of free amino acid, and in transfer (polymerization) of amino acid from aminoacyl-sRNA. The lack of a significant role for soluble factors in this increased activity is demonstrated by the experiments in which microsomal and soluble fractions from the three categories of heart muscle were mixed, and also by the persistence of increased activity when a neutral source of soluble factors (liver) was introduced. The increased ability of cell sap from hypertrophied heart to catalyze aminoacyl-sRNA fonnation, as well as the apparent increase in sRNA, might contribute somewhat to increased incorporation of free amino acids, but the results of the mixing experiments argue against a major role. These experiments, together with those in which microsomes from the three categories of heart were intermixed, also constitute evidence against release of a normal inhibitory mechanism in the pathogenesis of hypertrophy.
The lack of dependence upon soluble factors is reinforced by the polymerization experiments. There were no differences in the polymerization factor activities of heart-soluble fractions when tested with a neutral ribosomal source (liver). However, microsomes from hypertrophied hearts showed an increase in transfer of amino acid from aminoacyl-sRNA, which paralleled the increase in incorporation of free amino acid. This increase was noted with phenylalanyl-sRNA (in the presence and absence of the artificial messenger, poly U) and also with leucyl-sRNA.
The increased activity of .cell-free preparations from hypertrophied heart muscle, therefore, appears to be localized to the microsomes. This could result from increased amounts of microsome-bound polymerization (transfer) factors, increased messenger RNA, or an increased number of ribosomes. No attempt was made to isolate and assay polymerization factors associated with the microsomes, but relative activities of microsomes 458 MOROZ were unaffected by repeated washings. If one accepts the validity of the poly U-directed synthesis of polyphenylalanine as an analogue of messenger RNA-directed protein synthesis, the increased activity of microsomes, which under these conditions would theoretically be saturated with messenger, is independent of messenger RNA. Messenger RNA in mammalian tissue extracts is an elusive quantity, apparently relatively long-lived (21) , and notoriously difficult to isolate (22) . Consequently, a direct approach to this aspect of the problem is beyond the limits of present technology: The crucial feature of a messenger RNA is its capacity to code for a particular polypeptide chain, and to date this has not been demonstrated. We have been unsuccessful in attempts to isolate RNA species with messenger activity from normal or hypertrophied heart muscle.
It has been suggested that rates of mammalian protein synthesis may depend more on the number of available ribosomes than on the availability of messenger (23) . The experiments on ribosomal RNA yield are of interest in this connection. Although increased microsomal activity was most remarkable when expressed as specific activity of protein (counts per minute per milligram of protein), it was noted that increases were less marked or disappeared when expressed in terms of RNA (counts per minute per milligram of RNA). This, coupled with the increased RNA (milligrams of RNA per milligram of protein) consistently found in our microsomal preparations, suggested that an increase in the number of ribosomes might be a contributory factor. Yields of microsomal RNA (mg/mg DNA) were indeed markedly increased. Allliough this could conceivably represent increases in several RNA species, consideration of the known stoichiometry of ribosomes, sRNA, and messenger RNA (24) suggests that such an increase was most likely due to ribosomal RNA. Subsequent RNA determinations on ribosomes substantiated this view. The homogenization and fractionation of muscle is fraught with the problem of RNA entrapment by myofibrillar elements during differential centrifugation (25) , and it is appreciated that ribosomal yields must of necessity be relative rather than absolute. However, a wide range of homogenization conditions failed to alter the yield relationships.
The possibility remains that the increase in ribosomal RNA is a consequence, in whole or in part, of decreased degradation rather than increased synthesis, although the argument applied to the problem of protein synthesis is pertinent here as welL Only an examination of ribosomal RNA turnover can clarify this point. It is of interest, however, that no change in RNA degradation has been found in hypertrophy of the kidney, where an increase in number of ribosomes is also found (26) .
The increase in ribosomal RNA is paralleled by an increase in sRNA. How much of this cytoplasmic RNA is of the 4S variety, with transfer activity, is not known. It is possible that other RNA species may be contributing to this increase, since "soluble" RNA cannot be equated with 4S transfer RNA (27) .
Although no differences in polysomal patterns were demonstrated in this study, it is possible that the fragility of polysomes might well result in their disruption during the relatively drastic homogenization required for adult heart muscle. The application of different methods might reveal differences which were not evident in this study. It is also difficult to be certain of the significance of the apparent increase in bound, relative to free, ribosomes observed at 2 days. It is conceivable that the relative decrease in the free ribosomal peak might be due to some increased artifactual affinity of microsomal or myofibrillar material for free ribosomes, rather than to a functionally significant increase in membrane-bound ribosomes.
A major factor, therefore, in the increased protein synthesis occurring in the early stages of heart muscle hypertrophy, appears to be an increased number of ribosomes, as evidenced by the increased yield of ribosomal RNA. If this reflects, as is most likely, an increase in the synthesis of ribosomes, atten-CircuUstom Kuttnb, Vol. XXI, Octottr 1967
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tion is directed to some mechanism triggering the synthesis of new ribosomal RNA and structural protein, and inevitably to the muscle cell nucleus. The basic problem is one of the translation of a physical change (increased work load) into a biochemical event. Thought regarding the initial steps must for the present remain highly speculative, although study of transcription mechanisms and their control during hypertrophy may shed light on the processes involved.
